The health of human populations living in industrial regions is negatively affected by exposure to environmental air pollutants. In this study, we investigated the impact of air pollution on a cohort of subjects living in Ostrava, a heavily polluted industrial region and compared it with a cohort of individuals from the relatively clean capital city of Prague. This study consisted of three sampling periods differing in the concentrations of major air pollutants (win- 
Introduction
Ostrava region located in the northeastern part of the Czech Republic ( Figure 1 ) is currently the most polluted area in the country and arguably in the entire European Union. The pollutants originate from numerous steelworks, coke ovens, coal mines and various other industrial plants some of them equipped with outdated technologies. Despite enormous levels of air pollution the region is densely populated: Ostrava is the third largest city in the Czech Republic with more than 310 000 inhabitants and the second largest urban agglomeration in the country after Prague. Thus, negative health consequences due to air pollution affect a substantial part of the Czech population.
Exposure to air pollution causes both short-term (acute) and long-term (chronic) health effects. Pollutants in the ambient air belong to diverse groups of chemical compounds, but generally they can be grouped into four categories: gaseous pollutants [e.g. volatile organic compounds (VOCs), including benzene], persistent organic compounds [e.g. polycyclic aromatic hydrocarbons (PAHs), including benzo[a]pyrene (B[a]P)], heavy metals, and particulate matter (PM), onto which many chemicals are adsorbed (1) . Depending on the prevailing type of pollution, ambient air may affect various organs and systems including respiratory, cardiovascular, nervous, urinary and the digestive system. It also has deleterious effects on fetal development (1) . As PM of various compositions is ubiquitous, many authors have studied the associations between PM exposure and health effects (2) (3) (4) (5) . Although the chronic and acute effects of exposure to PM on mortality are consistent, the associations with long-term exposures are usually much stronger: an elevation in long-term exposure of 10 µg/m 3 PM2.5 was associated with an ~6-17% increase in relative risk of all-cause mortality, whereas for short-term exposure the increase in risk of mortality was only up to 1.2% (6) .
PAHs are products of the incomplete combustion of organic materials including coal, wood and gasoline. They are also found in coal tar, crude oil and roofing tar. These pollutants are chemically stable, and in the environment they are usually present in complex mixtures rather than as single compounds (7) . Some PAHs are best known for their carcinogenicity, particularly their ability to cause lung cancer (8) . However, it has been shown that PAH exposure also affects gene expression and causes deregulation of cell cycle control (9, 10) . In organisms they are metabolically activated by one of three alternative pathways followed by the interaction of reactive intermediates with DNA and the formation of bulky DNA adducts, or the generation of PAH-o-quinones and reactive oxygen species that may cause oxidative damage (11) .
In this study, we investigated the impact of high levels of environmental air pollution on a panel of selected biomarkers. The study was conducted during three sampling seasons (winter 2009, summer 2009 and winter 2010) among subjects from the polluted Ostrava region and from the capital city of Prague that served as a control location. Due to the amount of data, our study was split into two parts: the first part gives a general description of the study population, presents the data on exposure to environmental pollutants [carcinogenic PAHs (c-PAHs) including B[a]P, PM2.5 and benzene] measured by both personal and stationary monitors and compares the levels of bulky DNA adducts in both locations for each season. In the second part of our study (P. Rossner et al., in press), we report the levels of oxidative stress markers (oxidative damage to DNA, lipids and proteins) and cytogenetic parameters (both stable and unstable chromosomal aberrations). In the first part of the study we hypothesised that high concentrations of air pollutants in the Ostrava region would be associated with significantly elevated levels of bulky DNA adducts compared with Prague.
Materials and methods

Subjects and sampling
The number of subjects who participated in the study varied from 61 to 65 (Prague) and from 98 to 149 (Ostrava region) during individual sampling seasons. All subjects were non-smoking males. Prague volunteers were city policemen who spent most of their working hours outdoors. Subjects recruited in the Ostrava region ( Figure 1) were policemen who originated from Havirov and Karvina, smaller cities located south-east and north-east of Ostrava city, office workers working in Ostrava city who spent most of their time indoors, and in the winter 2010 season volunteers from Ostrava-Bartovice, a suburb of Ostrava located to the east of the ArcelorMittal plant, the biggest steelworks in the Ostrava region which is one of major sources of air pollution in the region. The Ostrava region is located in a basin surrounded by mountains on the west, east and partially on the south. This fact, along with high concentration of heavy industry and high population density adds to the enormous levels of air pollution, particularly in the winter months when temperature inversions are common. The capital city of Prague lacks any heavy industry and despite heavy traffic in some areas, the air in the city is substantially cleaner than the air in the Ostrava region.
All participants in the study signed an informed consent form and could cancel their participation at any time, according to the Helsinki II Declaration. The study was approved by the ethical committee of the Institute of Experimental Medicine AS CR in Prague. As a precautionary step any person who underwent medical treatment, radiography or vaccination up to 3 months before sampling was not included in the study to avoid a possible impact on levels of studied biomarkers.
A spot urine sample was obtained from each subject in each sampling period. Blood samples (total volume of 40 ml) were collected by venipuncture into vacuettes containing ethylenediamine tetra acetic acid (EDTA) (for bulky DNA adducts and oxidative stress markers) or sodium heparin (for cytogenetic analyses). Samples were coded, transported to the Laboratory of Genetic Ecotoxicology and processed. Lymphocytes were isolated from whole blood using Ficoll 400 gradient centrifugation, blood plasma using centrifugation at 2000 g. Lymphocytes, blood plasma and urine samples were kept in aliquots at −80°C.
Exposure assessment
Exposure to c-PAHs in each subject was monitored by personal samplers during 48 h. The samplers were equipped with filters that collected particles of aerometric diameter ≤ 2.5 µm (PM2.5) (13 [1,2,3-cd] pyrene) was performed using high performance liquid chromatography (HPLC) with fluorescence detection according to the EPA method (14) in the certified laboratory ALS Czech Republic, Prague. Benzene was collected on Radiello® radial diffusive samplers (Fondazione Salvatore Maugeri, Padova, Italy) worn by the study subjects for 24 h. It was adsorbed on graphitised charcoal and recovered by thermal desorption. The analysis was performed by capillary gas chromatography with flame ionisation detection in the certified laboratory ALS Czech Republic, Prague.
Ambient air quality was monitored by stationary monitors by the Czech Hydrometeorological Institute (CHMI). Information on concentrations of B[a] P, PM2.5 and benzene during the sampling periods and up to 90 days before sampling was obtained from the CHMI website (www.chmi.cz). The study subjects lived and worked within the range of the samplers.
DNA isolation
Pellets of lymphocytes were dissolved in a solution of 20 mM Tris-HCl, 10 mM EDTA and 1% sodium dodecyl sulfate (SDS), pH 8.0. DNA was isolated using RNAses A and T1 and proteinase K treatment followed by phenol/chloroform/ isoamyl alcohol as previously described (9) . DNA concentration was estimated spectrophotometrically by measuring ultraviolet (UV) absorbance at 260 nm, DNA purity was evaluated by measuring absorbance at 280 nm and calculating the 260/280 nm absorbance ratio. DNA samples were stored at −80°C until analysis. 32 P-postlabeling 32 P-postlabeling analysis of bulky DNA adducts in lymphocytes was carried out as previously described (15) (16) (17) . Briefly, DNA samples (6 µg) were digested by a mixture of micrococcal endonuclease and spleen phosphodiesterase for 4 h at 37°C. Nuclease P1 was used for adduct enrichment. Labelled DNA adducts were resolved by two-directional thin layer chromatography on 10 × 10 cm Polygram Cel polyester sheets 300 PEI (Macherey-Nagel, Düren, Germany, Cat. no. 801053). Solvent systems used for thin layer chromatography (TLC) were as follows: D-1-1 M sodium phosphate, pH 6.8; D-2-3.8 M lithium formate, 8.5 M urea, pH 3.5; D-3-0.8 M lithium chloride, 0.5 M Tris, 8.5 M urea, pH 8.0; D-4 = D-1. Autoradiography was carried out at −80°C for at least 72 h. Total DNA adduct levels were evaluated from the diagonal radioactive zones (DRZs) on thin layer chromatograms. The DRZs represent the mixture of many overlapping DNA adduct spots originating from the various adduct-forming substances in the environment including tobacco smoke. B[a] P-like DNA adducts were determined using radioactivity detected in the area of chromatograms corresponding to the major B[a]P-derived DNA adduct N2- [7, 8, 9 -trihydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene-10-yl] deoxyguanosine (BPDE-N2-dG) detected in DNA isolated from human peripheral blood mononuclear cells (PBMC) incubated with BPDE (from A. Seidel, BIU, Germany) in a 1 µM concentration for 30 min at 37 o C. The term B[a]P-like adduct reflects the fact that this adduct spot has the same chromatographic mobility on the TLC sheet as BPDE-N2-dG. However, we cannot exclude and quantify the contribution of the other DNA adducts induced by various c-PAHs bound to PM to the amount of B[a]P-like adducts and exhibiting similar chromatographic mobility as BPDE-N2-dG (overlapping with BPDE-N2-dG). The radioactivity of distinct adduct spots and DRZ was measured by liquid scintillation counting. To determine the exact amount of DNA in each sample, aliquots of the DNA enzymatic digest (1 µg of DNA hydrolysate) were analysed for nucleotide content by reverse-phase HPLC with UV detection, which simultaneously allowed for controlling the purity of the DNA. DNA adduct levels were expressed as adducts per 10 8 nucleotides. BPDE-N2-dG obtained after incubation of DNA isolated from human PBMC cells (PBMC) with BPDE (see above) was a positive DNA control and was analysed in each experiment to determine variability between experiments.
DNA adducts analysis by
Plasma lipids, vitamins and cotinine assay
The plasma levels of cholesterol, LDL-cholesterol and HDL-cholesterol and triglycerides were determined spectrophotometrically using diagnostic kits (BioVendor, Brno, Czech Republic) and appropriate standards. Levels of vitamins A, E and C in plasma were analysed by HPLC (18, 19) . Urinary cotinine levels as a marker of exposure to tobacco smoke were analysed by radioimmunoassay (20) .
Statistical analysis
We first compared the basic characteristics of the study groups [age, body mass index (BMI), exposure to air pollutants, levels of cotinine, plasma lipids and vitamins] and the levels of bulky DNA adducts. We used the Mann-Whitney U-test for those variables that did not follow a normal distribution and the t-test for data distributed normally. Associations between the levels of environmental pollutants and bulky DNA adducts were studied using generalised estimating equations (GEE). GEE is a method used to analyse correlated data that typically appear in longitudinal studies where tested parameters are measured in the same subjects at different time points. Since levels of bulky DNA adducts are a continuous variable linear models were used. Multivariate analyses were adjusted to age, cotinine, BMI, vitamins C, A, E, cholesterol, LDL-cholesterol, HDL-cholesterol and triglycerides. To normalise the distribution of bulky DNA adduct levels for linear models, log-transformed values were used. Statistical analyses were performed using SPSS 19.0 software.
Results
Study population: life-style and nutritional characteristics
Alongside the effect of air pollution we analysed life-style and nutritional parameters that may affect the biomarkers measured in this study as well as in the second part of our study (P. Rossner et al., in press ). These parameters are reported in Table Ia -Ic (comparison between subjects from Prague and the Ostrava region for individual sampling periods) and Supplementary Table 1a-(1c)., available at Mutagenesis Online (comparison between subjects from locations in the Ostrava region for individual sampling periods). The average age was comparable in both locations for all sampling periods. BMI was significantly higher in subjects from Prague. These subjects also had elevated levels of cotinine in urine when compared with individuals from the Ostrava region. Since all subjects were non-smokers, cotinine probably reflects the effects of passive smoking. In winter 2009, city policemen from Prague had significantly higher (P < 0.001) plasma levels of vitamins C, A and E when compared with subjects from the Ostrava region (mean levels ± SD: vitamin C-8.03 ± 4.05 versus 3.25 ± 3.14 mg/l, P < 0.001; vitamin A-1.20 ± 0.38 versus 1.00 ± 0.42 mg/l, P < 0.001; vitamin E-14.3 ± 4.42 versus 11.4 ± 6.08, P < 0.001 for Prague versus the Ostrava region, respectively). In the summer season no difference between the groups was noted, while in winter 2010 vitamin levels were significantly elevated in the Ostrava subjects (mean levels ± SD: vitamin C-8.40 ± 3.12 versus 11.4 ± 3.93 mg/l, P < 0.001; vitamin A-0.79 ± 0.34 versus 1.10 ± 0.42 mg/l, P < 0.001; vitamin E-9.84 ± 3.93 versus 17.8 ± 9.57, P < 0.001 for Prague versus Ostrava region, respectively). Levels of the products of lipid metabolism were comparable in both regions with the exception of HDL cholesterol; its levels were significantly higher in Ostrava subjects in both winter seasons. No consistent differences were observed between individual locations within the Ostrava region (Supplementary Table 1a-. (1c) ., available at Mutagenesis Online). Subjects from Karvina had the highest levels of urinary cotinine in all sampling periods; BMI was highest among subjects from Havirov.
Personal and stationary monitoring
Exposure to selected environmental pollutants (c-PAHs and benzene) measured by personal monitors is reported in Supplementary Table 2, available at Mutagenesis Online and exposure to B[a]P is shown in Table II . The concentrations of pollutants in both the entire Ostrava region and in individual locations of the region are shown in these tables. Subjects from Ostrava city tended to be exposed to the highest levels of c-PAHs; in winter 2010, exposure in some subjects reached up to 513 ng/ m 3 of c-PAHs and 74.2 ng/m 3 of B[a]P. In all seasons, exposure to pollutants was significantly higher in the Ostrava region than in Prague (P < 0.001). Median concentrations of c-PAHs, including B[a]P, were 3-4-fold higher, levels of benzene were about 2-fold higher in the Ostrava region compared with Prague. The concentrations of environmental pollutants (B[a]P, PM2.5 and benzene), measured by stationary monitors during the same period as the personal monitoring data, are presented in Supplementary  Table 3 , available at Mutagenesis Online . The concentrations of B[a]P showed a similar trend to the data obtained from personal monitors, although the levels in Ostrava were mostly higher. Also, the difference between both locations was greater: B[a] P levels in the Ostrava region were ˃8-fold higher than those in Prague. The advantage of stationary monitoring is that this method allowed us to obtain information on the concentrations of PM2.5 in ambient air which was not possible with personal monitors due to a small amount of PM2.5 collected on the filters. For the stationary monitoring of benzene in the Ostrava region, the data is incomplete because a monitoring station was only available in Ostrava city. Similar to personal monitors, the concentrations of pollutants in the Ostrava region were significantly higher (P ≤ 0.001) than in Prague. The only exception was for PM2.5 levels in the Ostrava region which were comparable in summer 2009 with those measured in Prague. Differences in the concentrations of PM2.5 between both locations were in general substantially lower than the differences in the concentrations of B[a]P: the biggest difference was observed for the winter 2009 sampling when levels of PM2.5 in the Ostrava region were about 2.5-fold higher than concentrations in Prague.
Bulky DNA adducts
The levels of B[a]P-like DNA adducts did not seem to be directly affected by exposure to B[a]P measured 48 h before sampling (Table II) 
Multivariate analyses of factors affecting bulky DNA adduct levels
To account for the role of air pollutants (B[a]P and PM2.5) measured in 24-h and 48-h intervals before sampling, as well as other factors possibly affecting the levels of bulky DNA adducts, we conducted multivariate analyses using GEE. The results are presented in Table III . The levels of B[a]P-like DNA adducts in subjects from the Ostrava region were positively affected by exposure to B[a]P measured by both personal and stationary monitors, as well as by PM2.5. A similar effect was not found in subjects from Prague. In contrast to these results, the levels of total bulky DNA adducts were negatively associated with exposure to environmental pollutants (B[a]P, PM2.5) measured by stationary monitors in subjects from Prague; only a negative association with levels of B[a]P was detected in the Ostrava subjects. The role of other factors in modulation of the levels of bulky DNA adducts is shown in Supplementary Table 4 , available at Mutagenesis Online. It should be noted that the levels of bulky DNA adducts were negatively associated with the sampling period for the samples from the Ostrava region: samples collected in winter 2010 tended to have lower levels of bulky DNA adducts, although air pollution was higher.
Discussion
The aim of this study was to characterise exposure to environmental pollutants (c-PAHs, PM2.5 and benzene) and analyse the levels of biomarkers, specifically bulky DNA adducts, in a population living in the Ostrava region, the most polluted area of the Czech Republic, and compare them with subjects living in a cleaner location, capital city of Prague. Although exposure to air pollutants in subjects from the Ostrava region was significantly higher than that in a control population, the levels of bulky DNA adducts were unexpectedly higher in Prague subjects in two out of three sampling periods. The Ostrava region is specific not only due to high concentrations of air pollutants but also by the fact that industrial production has existed here for ˃200 years. The region is rich . Thus, it is clear that inhabitants of the Ostrava region, particularly long-term residents, are permanently exposed to polluted air in concentrations that are unprecedented in the entire European Union.
In this study, we originally planned to follow city policemen living and working in Ostrava city because they spend most of their working hours outdoors and are thus exposed to high levels of air pollution; city policemen from Prague served as a control group. Unfortunately, the municipal authority of Ostrava that is a founder of city police did not allow us to enroll city policemen to our study and refused any collaboration with Table II us. For this reason we were forced to seek alternatives: city policemen from Havirov and Karvina, two smaller cities in the Ostrava region, also with high levels of air pollution, along with administrative workers from Ostrava city served as the exposed groups. Although administrative workers spend most of their time indoors, to our surprise, they were also exposed to high concentrations of environmental pollutants. Finally, in the third sampling period, inhabitants of Bartovice, a part of Ostrava located downwind of the ArcelorMittal plant, were also enrolled in the study. Bulky DNA adducts in peripheral blood lymphocytes were repeatedly used as a marker of exposure to PAHs in both the environmentally and occupationally exposed populations. In the general population not exposed to any major source of PAHs, smoking, diet and various indoor exposures (cooking and heating) are determinants of DNA adduct formation (21); traffic as well as industry are important sources of PAHs in polluted areas. Many authors have shown that people exposed to air pollution, particularly to PAHs, had elevated levels of bulky DNA adducts. Subjects living in large cities or close to busy roads had higher levels of bulky DNA adducts than controls selected from cleaner locations (17, (22) (23) (24) . Exposure to particulate matter (PM10) from traffic over a period of 1-2 weeks before sample collection was associated with DNA adduct levels in traffic-exposed nonsmokers (25) . Residents living close to the large steel, refinery and petrochemical complex in Thailand had significantly higher levels of bulky DNA adducts than subjects living in the province without industrial pollution (26) . Traffic policemen exposed to high levels of PAHs in Bangkok, Thailand, had significantly elevated levels of bulky DNA adducts than controls working in offices (27) . The seasonal variability of concentrations of air pollutants is another important source of increased levels of bulky DNA adducts. City policemen were monitored in Prague, Czech Republic, during each season of a year and bulky DNA adducts in their lymphocytes were analysed. B[a]P-like DNA adducts were significantly higher in the winter, than in spring and summer (28) . However, there are studies suggesting that other factors, not only PAHs and PM, play a role in bulky DNA adduct formation and that air pollution represented by these two pollutants is not necessarily a determinant affecting bulky DNA adduct levels. Georgiadis et al. (29) analysed bulky DNA adduct levels in non-smokers living in the city of Athens and a nearby smaller town of Halkida. Although air pollution was significantly higher in Athens, highest bulky DNA adduct levels were observed in subjects living in Halkida. The authors suggested that in a group suffering minimal exposure to urban air pollution other factors became determinants of DNA damage. In their study they identified environmental tobacco smoke (ETS) and habitual consumption of roasted meat as factors associated with elevated bulky DNA adduct levels.
In our study, we expected levels of bulky DNA adducts to be elevated in subjects from the Ostrava region than in Prague subjects because air pollution was substantially higher in Ostrava, However, unexpectedly, DNA adduct levels in Ostrava subjects were significantly lower than in Prague in all three seasons. This observation probably cannot be attributed to dietary PAHs intake, because roasted and grilled food consumption is not high among Czech population, particularly not in winter months. Also, ETS exposure could be excluded as a factor affecting bulky DNA adduct levels, as cotinine levels were assessed and used as a covariate in multivariate analysis.
Recently, the results of a pooled analysis of bulky DNA adducts in white blood cells in 3600 subjects have been published (30) .
The authors pooled data from 11 studies and were looking for variables associated with bulky DNA adduct levels. They noted the role of seasonal variability: the lowest levels of bulky DNA adducts were found in samples collected in spring, followed by summer and fall; highest levels were observed in winter samples. The effect of geographical location was also detected: bulky DNA adduct levels were significantly lower in samples obtained in northern Europe than in southern Europe. However, only weak associations were found between bulky DNA adducts and exposure variables. The authors state that inter-individual variations in bulky DNA adduct levels are still mostly unexplained, although seasonal variability seems to play a role. In contrast with our previous study (17) they also observed unexpectedly higher bulky DNA adduct levels in non-smokers when compared with smokers. They suggest that more efficient DNA repair may be responsible for lower bulky DNA adduct levels in smokers. In fact, it has been demonstrated that the DNA repair capacity of current smokers was higher than that of former smokers and non-smokers in a host cell reactivation assay using BPDE-treated plasmid DNA (31) . In our recent study we also observed increased odds of having above-median expression of XRCC5, a gene encoding a protein participating in non-homologous end-joining repair, among subjects living in Ostrava (32) . We believe that our current results reflect a similar phenomenon: study participants living in the polluted Ostrava region may have more active nucleotide excision repair than subjects in Prague, which results in lower bulky DNA adduct levels in these subjects. Similarly, very high bulky DNA adduct levels observed in Prague subjects in summer 2009 when exposure to environmental pollution was lowest may have been caused by insufficient DNA repair activity due to low levels of pollutants. We plan to analyse the gene expression of relevant genes in the subjects enrolled in this study with the aim of clarifying the unexpectedly low levels of bulky DNA adducts despite high concentrations of environmental pollutants in the Ostrava region.
We should also consider the influence of other factors possibly affecting levels of bulky DNA adducts. We detected significant differences in vitamins C, A and E levels between Prague and Ostrava groups in winter 2009 and 2010. Surprisingly, while in winter 2009 vitamin levels were significantly higher in Prague subjects, opposite results were observed in winter 2010: subjects from the Ostrava region had higher plasma levels of vitamins than Prague subjects. This unexpected observation indicates changes in lifestyle of study subjects for the reasons that are not clear. Theoretically, the differences in concentrations of vitamins in blood plasma may have affected bulky DNA adduct levels. A recent review indicates that vitamin E is inversely associated with DNA adduct levels, whereas vitamins A and C are not independent predictors of DNA adducts (33) . However, we included vitamin levels as covariates into multivariate analyses. Thus, the results should be controlled for their potential effect on bulky DNA adduct levels. The same is true for other variables that significantly differed between subjects from both locations (e.g. significantly higher values of BMI and levels of cotinine in subjects from Prague).
Finally, levels of bulky DNA adducts may be affected by duration of exposure to environmental carcinogens. It has been reported that both PAH-exposed workers with ˃14 years of exposure and smokers with ˃10 years of exposure had significantly elevated DNA adduct levels than subjects with shorter exposures (34) . In our study, we cannot exclude a potential effect of the length of exposure since we do not have this information for study subjects available.
Conclusions
In this study, we investigated the levels of bulky DNA adducts in a population exposed to high concentrations of air pollutants, including c-PAHs. Contrary to our expectations, bulky DNA adduct levels did not correspond to the level of exposure to air pollution. We speculate that changes in gene expression in exposed subjects may be responsible for this unexpected result.
Supplementary data
Supplementary Tables 1-4 are available at Mutagenesis Online.
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